Naturally-occurring radionuclides (uranium, radium, and radon), major dissolved constituents, and trace elements were investigated in fresh groundwater in 117 wells in fractured crystalline rocks from the Piedmont region (North Carolina, USA). Chemical variations show a general transition between two water types: (1) slightly acidic (pH 5.0-6.0), oxic, low-total dissolved solids (TDS) waters, and (2) near neutral, oxic to anoxic, higher-TDS waters. The uranium, radium, and radon levels in groundwater associated with granite (Rolesville Granite) are systematically higher than other rock types (gneiss, metasedimentary, and metavolcanic rocks). Water chemistry plays a secondary role on radium and radon distributions as the 222 Ra activity ratios in groundwater are close to 1, we suggest that mobilization of Ra and Rn is controlled by alpha recoil processes from parent nuclides on fracture surfaces, ruling out Ra sources from mineral dissolution or significant long-distance Ra transport. Alpha recoil is balanced by Ra adsorption that is influenced by redox conditions and/or ion concentrations, resulting in an approximately one order of magnitude decrease (~20,000 to~2000) in the apparent Ra distribution coefficient between oxygensaturated and anoxic conditions and also across the range of dissolved ion concentrations (up to~7 mM). Thus, the U and Th content of rocks is the primary control on observed Ra and Rn activities in groundwater in fractured crystalline rocks, and in addition, linked dissolved solids concentrations and redox conditions impart a secondary control.
Introduction
Groundwater sources of drinking water may contain naturallyoccurring radionuclides from the uranium-238, uranium-235, and thorium-232 series, especially uranium (U), radium (Ra) , and radon (Rn) , all of which are the basis of current (U, Ra) or proposed (Rn) drinking water standards of the U.S. Environmental Protection Agency (EPA). Uranium is a source of kidney toxicity as well as alpha radiation (EPA, 2000) . Radium is a bone-seeking form of natural radioactivity when consumed in drinking water (Mays et al., 1985) . Radon is a radioactive gas for which both ingestion and inhalation present health risks, although inhalation may provide about one order of magnitude larger exposure (National Research Council, 1999) . U, Ra, and Rn may co-occur in high concentrations in the case of mineralized areas (e.g. Asikainen and Kahlos, 1979) , but in most cases, strong disequilibrium exists among U, Ra, and Rn in the groundwater of crystalline rocks. Disequilibrium is observed because of geochemical conditions that preferentially mobilize U and/or Ra as well as the inert nature of Rn. For example, waters may be high in U but low in other nuclides (Asikainen, 1981b) ; orders of magnitude higher in Rn than in Ra (King et al., 1982; Wanty et al., 1991) ; or high in Ra but relatively low in U in deep, anoxic waters (Andrews et al., 1989; Gascoyne, 1989) .
In addition to being of significance as natural drinking water contaminants, Ra isotopes are useful tools to evaluate the behavior and reactivity of radionuclides in aquifer systems. This is due to (1) the large range of half-lives (3.7 d for Reid, 1984; Sturchio et al., 2001; Wood et al., 2004) , reduced conditions (Szabo and Zapecza, 1987; Herczeg et al., 1988) , supersaturation with respect to barite (Gilkeson et al., 1984; Grundl and Cape, 2006) , microbial sulfate reduction affecting barite stability (Phillips et al., 2001; Martin et al., 2003) , and microbial Fe oxide reduction (Landa et al., 1991) . Ra adsorption is a rapid influence in freshwater at nearneutral pH (Krishnaswami et al., 1982) , but the effects of redox processes and relatively low ion concentrations on adsorption and desorption are not well constrained in existing field investigations. In addition, many previous studies of Ra in fresh waters have not included detailed characterization of redox conditions or analysis of short-lived Ra isotopes with which to apply the full range of Ra half-lives to geochemical conditions. In this research, we focus chemical and Ra isotope investigation on fresh, near-neutral, bicarbonate-dominated groundwaters from fractured crystalline rocks in North Carolina (USA). The objectives of the study are to evaluate mechanisms of Ra and Rn mobilization in shallow groundwater and to elucidate the hydrochemical influences, if any, on observed Ra and Rn activities under these conditions.
Methods

Sampling procedures
117 private wells were sampled in Wake County, North Carolina, clustered into six groups ( Fig. 1 ): (1a) and (1b) are a complexly mapped area mostly composed of late Proterozoic to early Paleozoic metasedimentary and metavolcanic rocks (felsic gneiss, felsic schist, phyllite, meta-tuff, and scattered ultramafic rocks) and associated felsic intrusions including quartz diorites (Stoddard et al., 1991; Clark et al., 2004) ; (2) is primarily underlain by the early Paleozoic Raleigh Gneiss, composed of sedimentary and granitic components (Stoddard et al., 1991; Clark et al., 2004); and (3a) , (3b), and (3c) are underlain by the late Paleozoic Rolesville granitic pluton, a large, complex unit composed of monzogranite, granite, granodiorite and pegmatite in places (Speer, 1994; Clark et al., 2004) . The study area is also intruded by Mesozoic dikes of mafic composition (Clark et al., 2004) .
Samples were collected at wellhead taps where available, or at outdoor taps after ensuring that samples were not affected by chemical Fig. 1 . Map of the study area showing the six sample groups. Numbers in parentheses are the number of sites in each group; political boundary shown is of Wake County, North Carolina. Geological data based on Clark et al. (2004) ; data for location map obtained from www.nationalatlas.gov. treatment systems. Dissolved oxygen (DO) and pH were measured from a continuous flow at the bottom of a polyethylene bucket using YSI DO200 and pH100 meters, respectively. Also from this continuous flow, a radon sample was collected into a submerged glass vial, and an unfiltered alkalinity sample was collected into a polyethylene bottle. Trace metal/cation samples were filtered in the field directly into new, high-purity acid-washed polyethylene bottles containing high-purity HNO 3 using syringe-tip 0.45 μm filters. Anion samples were similarly field-filtered. In the lab, Ra isotopes were concentrated from 52 L samples onto 10 g bundles of Mn oxide-coated acrylic fibers (Moore and Reid, 1973; Reid et al., 1979) at a flow rate of b1 L min − 1 . 19 of the 117 samples were concentrated onto one column of Mn oxide fibers and the remaining 98 samples were concentrated onto two sequential (A and B) columns (e.g. Luo et al., 2000) . Radon-222 samples were shipped overnight to a commercial laboratory for determination by liquid scintillation counting and are decay-corrected to the time of collection.
Radium isotope analysis
Analysis of 224 Ra was carried out as soon as possible after concentration onto Mn oxide fibers by alpha counting using a delayed coincidence counter (Moore and Arnold, 1996) . For fibers with less than 20 total alpha counts per minute at time of analysis, 224 Ra was quantified using the 220 Rn channel, corrected for chance coincidence events. For fibers with greater than 20 counts per minute, 224 Ra was quantified by total counts, corrected for activity attributable to 223 Ra (Garcia-Solsona et al., 2008) and for 224 Rn disequilibrium during short run times. 224 Ra was calibrated by an old, equilibrated 232 Th solution that was transferred onto Mn oxide fibers.
224
Ra was decaycorrected to the time of collection and for 224 Ra supported by small amounts of 228 Th adsorbed onto the fibers after 3-6 weeks. 226 Ra analysis was performed by radon counting after 20 days of incubation in a sealed, evacuated glass column on a Durridge RAD7 alpha counting instrument. 226 Ra standards are from a NIST solution transferred onto Mn oxide fibers.
228
Ra analysis was performed on a Canberra broadenergy Ge gamma spectrometer. In order to produce a more efficient (e.g. Buesseler et al., 1995) and homogeneous (e.g. Herranz et al., 2006) counting geometry, 228 Ra analysis was performed on fibers of the A column that had been compressed into a disk geometry 65 mm in diameter and~5 mm thick in a metal canister. 228 Ra was quantified from a weighted average of counts from the 338 keV and 911 keV peaks of 228 Ac and corrected for the partitioning of Ra between the A and B columns using relative 224 Ra activities. The standard for gamma spectrometric analysis was U-Th ore standard DL-1a (Canadian Certified Reference Materials Project), loaded to resemble the geometry of the compressed fibers. For radium isotope analyses, propagation of error equations were applied to background subtraction, delayed coincidence counter corrections, and addition of radium activities from multiple columns using the methods of Ivanovich and Murray (1992) and GarciaSolsona et al. (2008) . Reported 2σ counting error (Table 4) Bi and the 911 keV peak of 228 Ac, respectively. These were calibrated with the DL-1a standard in the same geometry.
Major ions and trace elements
Ca, Mg, Na, Sr, Ba, Fe, Mn, and Si concentrations were determined by direct current plasma spectrometry and K was determined by flame atomic absorption spectrometry, both calibrated using solutions prepared from plasma-grade single-element standards. U concentrations were determined by inductively-coupled plasma mass spectrometry calibrated with plasma-grade U standard. As the wells used in this study contain metal surfaces, some metal concentrations may be influenced by ) concentrations were determined by ion chromatography, and bicarbonate concentrations were determined by titration to pH 4.5.
Data handling
Speciation and saturation index values were calculated using the PHREEQC geochemical code (Parkhurst and Appelo, 1999; Post, 2006) modified with Ra speciation coefficients from Langmuir and Riese (1985) . Bedrock geology at each sampling site was assigned from 1:100,000-scale map data based on Clark et al. (2004) . Correlation coefficients reported in the text are Spearman rank coefficients.
Results
Major ions, trace elements, and redox-sensitive elements
The overall chemical composition of the investigated groundwater from the different lithological settings is dominated by Na-Ca-Mg bicarbonate, except for a few samples with anions dominated by a combination of bicarbonate and nitrate, chloride, or sulfate (Table 1) . One anomalous high-sulfate water, well 64 in Group 2 (Table 2) , was excluded from plots and correlations due to its non-representative chemistry. Average major element chemistry exhibits few apparent differences between the three main rock types in the study area. Wells in the Raleigh Gneiss exhibit lower average DO concentrations than the other rock types. Also, the Rolesville Granite wells exhibit lower average Ca, Mg, K, and bicarbonate concentrations than the other rock ND indicates not detected; these were treated as zero concentrations in data analysis. Fig. 2 . Relationships between pH, dissolved oxygen concentration, and total ions. Fig. 3 . Relationship between dissolved oxygen and other redox-sensitive solutes.
types (Table 1) . However, concentrations of major elements and redox-sensitive elements vary significantly between wells. Most samples fall along a continuum between (1) slightly acidic (pH 5.0-6.0), oxic, low-total dissolved solids (TDS) waters, and (2) nearneutral, oxic to anoxic, higher-TDS waters (Fig. 2) . These trends illustrate the linked nature of the major element and redox chemistry of the waters. Dissolved oxygen concentration is inversely associated with Mn, Fe, and HCO 3 − concentrations (Fig. 3) , reflecting the sensitivity of these solutes to redox processes. As barite (BaSO 4 ) supersaturation is a potential sink for Ra, saturation index values were calculated from major element chemistry and Ba concentrations; however, waters in this study rarely approach barite saturation (median −1.9; range −3.4 to 0.2), indicating a negligible role for barite.
Radionuclide activities in water
In contrast to major element chemistry, radionuclide activities exhibit large variation between the Rolesville Granite and the other rock types in the study area. Median radon-222 activity (249 Bq L − 1 ) in the Rolesville Granite exceeds the other rock units by about one order of magnitude (Table 3) , and median radium-226 activity (18.6 mBq L − 1 ) is about a factor of 2 higher in the Rolesville Granite (Table 3) . Median uranium concentration (5 nM) is 1-2 orders of magnitude higher in the Rolesville Granite than in the other rock types (Table 3) . Also, 222 Rn activity shows an inverse relationship with total dissolved ions (TDI) and direct relationship with DO, whereas 226 Ra is directly associated with TDI and inversely with DO (Fig. 4) . Relative to EPA drinking water standards applied to public water systems, 77% of samples from the Rolesville Granite exceed the proposed alternative maximum contaminant level (MCL) for 222 Rn of 148 Bq L . This produces 228 Ra/ 226 Ra of solids ranging from 0.99 to 2.68. These activities and activity ratios vary within each core and between the two cores analyzed (Table 5 ).
Discussion
Major element and redox chemistry of potential Ra sinks
The high silica concentrations, dominance of bicarbonate among the dissolved anions, and correlation between pH and TDI (ρ =0.55; Fig. 2 ) indicate that most of the solutes in the investigated groundwater are derived from silicate weathering, which consumes protons, contributes cations, and converts soil gas CO 2 to bicarbonate (Drever, 1997) . Bicarbonate may also be derived from organic carbon oxidation or calcite dissolution, although the latter should be insignificant in longexposed granites in areas where denudation rates are low, such as the southeastern United States (White et al., 1999) . The mass balance of dissolved oxygen (up to~0.3 mM at atmospheric saturation, ranging to near zero in some samples) suggests that a large proportion of bicarbonate (median 0.98 mM for all samples, 0.57 mM in the Rolesville Granite) is derived from the open system of unsaturated zone CO 2 rather than organic carbon oxidation in the saturated zone. Consequently, the majority of cations are also derived from the shallow weathering zone. The drinking water wells sampled in this study commonly contain openhole intervals tens of meters long and produce water from an unknown configuration of fractures. However, once groundwater passes through the weathered zone (soil and saprolite) into the fracture network of relatively unweathered bedrock, where the open-hole interval is located (Daniel and Dahlen, 2002) , the effect of mineral weathering on major element chemistry is expected to be minimal due to the relatively short residence time in the fractures and the high ratio of water to mineral surfaces. Therefore, major solute composition is determined during the early stages of groundwater evolution. Major species that are sensitive to redox conditions in groundwater include DO, nitrate, Mn, Fe, sulfate, and bicarbonate. The large variations in DO, Fe, and Mn concentrations (Fig. 3) indicate that redox processes play an important role in influencing water chemistry. In fractured crystalline rocks, variations in redox condition may be due to abiotic reductants including iron(II) in biotite (Gascoyne, 1997) or iron (II) and sulfide in pyrite (Gascoyne, 1997; Tarits et al., 2006) . Biotite is abundant in the Rolesville Granite (Kosecki and Fodor, 1997) , and pyrite has been observed in a pluton of similar age and setting in South Carolina (Speer et al., 1981) . Redox processes may also be driven by organic carbon oxidation (Banwart et al., 1996 (Banwart et al., , 1999 Gascoyne, 2004) . In the saturated zone, organic carbon could be oxidized to bicarbonate by aerobic respiration or other terminal electron-accepting processes including denitrification, Mn oxide reduction, and Fe oxide reduction.
Mn concentrations over 2 μM and Fe concentrations over 10 μM are almost invariably associated with DO concentrations below 50 μM (Fig. 3) . The elevated Mn and Fe in anoxic fractures indicate conditions favorable for reductive dissolution of Mn and Fe oxides. No evidence for sulfate reduction, such as a sulfide odor, was observed, suggesting that Mn and/or Fe oxide reduction represent the most reducing biogeochemical conditions that prevail in a significant number of wells. Finally, elevated bicarbonate concentrations, when associated with decreasing DO concentrations (Fig. 2) , may indicate the effects of organic carbon oxidation, although alternative mechanisms of producing bicarbonate and consuming DO, discussed above, may be of equal or greater significance.
Our results indicate negative correlation of DO with total dissolved ion (TDI) concentrations (ρ = −0.63; Fig. 2 ), which suggests that DO is affected by some combination of organic carbon oxidation and oxidation of minerals such as biotite or pyrite related to weathering. Although determination of the rates of these processes is beyond the scope of this paper, other studies indicate a negative relationship between DO and apparent residence time in Piedmont groundwater and overall residence times of about 10-50 a (e.g. Nelms and Harlow, 2003; D. Harned, USGS, Raleigh, NC, unpub. data, 2007) . These relationships suggest the potential importance of relatively slow processes such as mineral oxidation on water chemistry, as the role of abiotic reductants in controlling groundwater redox conditions is expected to be more important in older, slowly-circulating groundwater systems (Gascoyne, 1997 (Gascoyne, , 2004 . In comparison, consumption of dissolved oxygen by biogeochemical reactions in bedrock fractures can be as rapid as several days (Puigdomenech et al., 2000) .
Radium and radon isotopes
Overall activities of radium are higher in the Rolesville Granite than in the metasedimentary and metavolcanic rocks and in the Raleigh Gneiss (Table 3) . Also, Ra isotope activities co-occur, that is, high Overall, Ra is positively correlated with Ba and to a lesser degree with other alkaline earth metals. Ra is also correlated with redox-sensitive solutes such as DO and Mn in a consistent fashion: more reduced conditions are generally associated with higher Ra (Fig. 4) . Although acidity (pH below 5) may significantly inhibit Ra adsorption (Nirdosh et al., 1990; Moon et al., 2003) , and pH variations are associated with variations in DO and TDI (Fig. 2) , pH does not exhibit strong correlations with Ra or Rn (ρ = 0.07, 0.23, and 0.00 between pH and 222 Rn, 226 Ra, and 228 Ra, respectively, in the Rolesville Granite). Mn oxides and clays exhibit negative surface charge above pH 5 (Stumm and Morgan, 1996) , so within the pH range in this study, Ra adsorption is relatively unaffected by variations in pH. Also, because anion concentrations in these waters are 1-2 orders of magnitude below levels expected to significantly complex Ra (Langmuir and Riese, 1985) , which is strongly subject to adsorption at near-neutral pH. U ratio of the host rock (Asikainen, 1981a; Porcelli, 2008) assuming secular equilibrium within the rock. Overall variations in , respectively) is 1.2 (n =42; data from Costain et al., 1977; Speer and Hoff, 1997; McSwain et al., in review) . These radionuclide levels are not unusually high for granites (e.g. Gascoyne, 1989; Speer and Hoff, 1997 Ra in water relative to the bulk rock: (1) relative 226 Ra enrichment could be derived from preferential recoil processes within each decay series, enhancing the mobility of successive decay products. 226 Ra is the third alpha decay in its decay series, but 228 Ra is the first decay step and 224 Ra is the second in the 232 Th decay series. Thus, 226 Ra would be more available due to the recoil effect placing it closer to the mineral surface (Davidson and Dickson, 1986) ; (2) U, being more soluble than Th, could be mobilized by weathering or the groundwater system to Ra and the slow rate of dissolution (Hammond et al., 1988) . Dissolution as a direct source of Ra is ruled out given that short-lived 224 Ra is present at similar activities as 228 Ra ( Fig. 5 ; Section 4.2.2), indicating rapid local interaction with the aquifer rocks. Also, the strong retardation of Ra in fresh waters (retardation factor 10 4 -10
5
; Krishnaswami et al., 1982; Dickson, 1990) Ra activity ratio Because all isotopes of Ra exhibit identical chemical behavior but are generated by recoil at different rates, short-lived to long-lived isotope ratios may indicate the rates of Ra contribution or removal. High ratios may indicate that the effective first-order rate constant of Ra immobilization exceeds the ingrowth rate (decay constant) of longlived Ra from alpha recoil, thus indicating that Ra sinks are effective (Krishnaswami et al., 1982; Martin and Akber, 1999; Moise et al., 2000) . Low short-lived to long-lived isotope ratios may indicate a Ra source from primary mineral dissolution in which short-lived Ra decays faster than the dissolution rate (Hammond et al., 1988) . On average, 224 Ra/ 228 Ra activity ratios are close to the expected equilibrium value of 1 ( Fig. 5 ; Table 3 ). This probably indicates that (1) Ra sources are broadly distributed on fracture surfaces or are at least very close to the sampling point, rather than being mobilized in an earlier phase of groundwater evolution that would allow significant 224 Ra decay; and (2) the rates of critical Ra-mobilizing processes do not generate large changes in 224 Ra/ 228 Ra. Thus, we conclude that Ra is not released significantly by mineral dissolution, and the rate constant of Ra adsorption allows long-and short-lived isotopes to be generated by recoil without large fluctuations in Ra isotope ratios.
Radon-222
Radon-222 activity in water may be interpreted as recoil flux from mineral surfaces (Krishnaswami et al., 1982) or more complexly as a combination of recoil and diffusion of Rn from microfractures resulting from a higher effective surface area for Rn relative to Ra (Rama and Moore, 1984; Davidson and Dickson, 1986; Andrews et al., 1989) . In this study, 222 Rn is strongly associated with rock type, and in particular, groundwater from the Rolesville Granite exhibits approximately one order of magnitude higher median 222 Rn (Table 3 ). In the granite, 222 Rn activity is positively correlated with closed casing depth (ρ =0.61), somewhat correlated with DO (ρ =0.42; Fig. 4) , and negatively correlated to some degree with most major cations including Ba (ρ = −0.40). Overall, high Rn occurs mainly in oxic, low-TDS waters (Fig. 4) . As Rn is inert, these relationships indicate (1) that more oxic, low-TDS conditions support more adsorbed Ra on fracture surfaces per volume of water, consistent with a recoil-dominated interpretation (Krishnaswami et al., 1982) ; or (2) that oxic fractures contain a larger surface area per volume of water, consistent with a diffusion-based interpretation (Rama and Moore, 1984 222 Rn activity in the water is proportional to the recoil flux of Rn and Ra from the aquifer rocks is used, then the Rn/Ra activity ratio is roughly equivalent to the distribution coefficient K D for radium (i.e., adsorption-desorption equilibrium between aqueous and adsorbed Ra; Krishnaswami et al., 1982; Dickson, 1990 (Fig. 6 ). Among redox-sensitive solutes, dissolved oxygen concentration is positively correlated with 222 Rn/ 226 Ra (ρ = 0.52; Fig. 7 ), and Mn is negatively correlated with 222 Rn/ 226 Ra (ρ = −0.56; Fig. 7) . Also, 222 Rn/ 226 Ra exhibits correlation with alkaline earth metals (ρ = −0.48 for Ba, −0.47 for Ca, −0.45 for Sr, and −0.41 for TDI). As Ba in particular may compete with Ra for adsorption sites, these trends could indicate that adsorption of Ra is related to cation concentrations, probably derived from the weathering zone. Similar correlations are evident if 222 Rn/ 224 Ra is used to represent apparent K D instead of 222 Rn/ 226 Ra. The significance of this approach is that the similar half-lives of 222 Rn and 224 Ra (3.8 d and 3.7 d, respectively) negate dissolution contributions of long-lived 226 Ra (Krishnaswami et al., 1982) . The median apparent K D estimated from 222 Rn/ 226 Ra decreases by about one order of magnitude between oxygen-saturated and anoxic conditions and along the range of Mn, TDI, and Ba concentrations (~20,000 to~2000; Fig. 8 ). In summary, trends in 222 Rn/ 226 Ra suggest that adsorption of recoil-produced Ra varies as a result of local chemical conditions.
Overview of radionuclide sources and sinks
At small scales, much of the U in granite is distributed in secondary minerals in microfractures and adsorbed to Fe oxides, Mn oxides, and clays (Speer et al., 1981; Guthrie and Kleeman, 1986; Wathen, 1987) . In addition, significant disequilibrium of solid-phase U-and Th-series radionuclides at the scale of meters indicates long-term mobility of radionuclides, probably by groundwater (e.g. Michel, 1984) . Long-lived U may be mobile in groundwater systems until reaching reducing zones, at which it is strongly adsorbed to Fe oxides (Ames et al., 1983; Waite et al., 1994 ) indicate that Ra is rapidly adsorbed in fresh waters in bedrock fractures to balance input from alpha recoil, and that Ra does not exhibit the lower apparent K D commonly observed in Fig. 7 . Relationship between dissolved oxygen and Mn (top), Ba and total ions (bottom), and the 222 Rn/ 226 Ra activity ratio. sandstone aquifers (~10 1 -10 3 ; King et al., 1982; Lively et al., 1992; Reynolds et al., 2003) or saline aquifers (~10 0 -10 2 ; Sturchio et al., 2001 ). Net adsorption of Ra is less effective under the low-DO, higher-TDS conditions observed in this study because (1) anoxic fractures contain lower surface area of redox-sensitive Ra adsorption sites, such as Mn oxides; and/or (2) higher concentrations of alkaline earth metals, such as Ba, compete with recoil-generated Ra for adsorption sites. The down-flow transition from the saprolite to water-producing bedrock fractures involves increasing water-to-mineral surface ratio, decreasing clay content, and decreasing mineral-water contact time. Thus, cations in waters passing from highly to lightly weathered zones may experience increased competition for adsorption sites. Our results indicate that in the saprolite-fractured crystalline rock system, major ion concentrations and redox state (dissolved oxygen consumption, Mn oxide reduction, and Fe oxide reduction) are linked. Fractures receiving water from more weathered recharge sources contain higher concentrations of alkaline earth metals and bicarbonate. As these waters also tend to exhibit lower DO concentrations, they have also been more involved in organic carbon oxidation and/or biotite and pyrite oxidation. Consequently, the distinction between the individual contributions of cation concentrations versus redox conditions on Ra mobilization is not straightforward, and we cannot differentiate the redox and cation exchange effects on apparent K D .
Conclusions
Although the main influence on radionuclides in groundwater is the U and Th content on fracture surfaces, linkage between weathering-derived ion concentrations, redox conditions, and radionuclide mobility in bedrock fractures occurs across a range of rock types and radionuclide activities. The primary source of Ra and Rn in groundwater is recoil from parent radionuclides on fracture surfaces, which is balanced by adsorption of Ra. While groundwater chemistry is mostly acquired during recharge through the soil and saprolite, radionuclides are generated by recoil in the saturated bedrock fracture network. Thus, the efficiency of adsorption of Ra is influenced by the redoxsensitive stability of adsorption sites and/or competition with other divalent cations. In low-DO samples, elevated Mn and Fe concentrations suggest that their oxides are subject to reductive dissolution and are thus less efficient at removing Ra. This interpretation is consistent with observed trends in Ra and Rn activities, as well as variable 222 Rn/ 226 Ra ratios correlated with DO, Mn, Ba, and TDI concentrations.
Overall, the approximately one order of magnitude variation in the apparent Ra distribution coefficient across the range of dissolved oxygen and alkaline earth metal concentrations indicates that in fresh groundwaters from fractured crystalline rocks, water chemistry is an important influence of on Ra adsorption, although secondary in importance to the radionuclide content of the solids.
